The electrocaloric (EC) effect accompanied with the ferroelectric to paraelectric phase transition in (111)-oriented PbMg 1/3 Nb 2/3 O 3 (PMN) is investigated. It is shown that the largest change T  is 0.37 K in 3 kV/cm electric field shift near the Curie temperature of 221 K; that is, the cooling T  per unit field (MV/m) is 1.23×10 6 m·K/V. This value is significantly larger, and comparable with the value of 0.254×10 6 m·K/V for PbZr 0.95 Ti 0.05 O 3 thin film under larger electric field shift E  = 30 kV/cm. Thus, the EC effect of (111) PMN single crystal provides cooling solutions at low temperatures, and opens more opportunities for practical application in cooling systems.
Introduction
The electrocaloric (EC) effect or magnetocaloric effect provides an efficient approach to realize solid-state cooling devices instead of the existing vapor compression refrigeration [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Ferroelectric refrigeration is based on the EC effect, an entropy change of ferroelectric material during application or withdrawal of electric field. PbMg 1/3 Nb 2/3 O 3 (PMN) ferroelectric materials with compositions near the morphotropic phase boundary are promising for high-strain actuators/transducers and prototype microelectro-mechanical systems due to their well-known ferroelectric, dielectric and piezoelectric properties [17] [18] [19] [20] [21] [22] [23] . In this paper, the dependence of polarization on variation of temperature for (111)-oriented PMN at low electric field is simulated to predict electrocaloric properties under applied electric field shift E  (defined as 2 1 E E  ).
Theoretical considerations
According to the phenomenological model [24] , the dependence of polarization on variation of temperature and Curie temperature C T is presented by
where i P is the initial value of polarization at ferroelectric-paraelectric transition and f P is the final value of polarization at ferroelectric-paraelectric transition as shown in Fig. 1 .
Equation (1) is determined by the physical mechanism that the dipole-ordered state can be enhanced by decreasing temperature. At the transition temperature, the spontaneous polarization forms surface charges and stray charges accumulate on the surface of ferroelectric material. When there is non-homogeneous distribution of the spontaneous polarization, the surface charges produce an electric field, denoted as depolarization field which is in the opposite direction to the spontaneous polarization.
As a result of this phenomenological model, the electrocaloric entropy change E S  caused by variation of the external electric field from 1 E to 2 E is given by
where  is the mass density.
A main result of Eq. (2) is that the maximum entropy change 
According to the phenomenological model [24] , the full-width at half-maximum (FWHM)
The electrocaloric cooling efficiency is calculated by considering the magnitude of maximum electrocaloric entropy change, 
The polarization-related change of heat capacity is given by
According to this phenomenological model, the change of heat capacity is given by
The temperature change of a polar system under adiabatic electric field variation from an initial value 1 E to a final value 2 E can be written in the form:
C is the heat capacity per mole at constant electric field. The refrigerant capacity (RC) is the amount of heat that can be transferred in one thermodynamic cycle [26] . Here, RC value can be obtained as [24] 
From this phenomenological model, it can easily calculate the values of 
Simulation
In order to apply the phenomenological model, five parameters versus applied electric field were determined as displayed in Table 1 . The heat capacity P C is 320 J/(kg·K) and the mass density  is 8.3 g/cm 3 [20] . Figure 2 shows (2), (7) and (8), respectively. It is clear that as the temperature is far away from the Curie temperature, the entropy change with increasing temperature is not very noticeable, so the electrocaoric temperature change T  is small. When the temperature rises close to C T , the large entropy change is induced by an external strong electric field during the ferroelectric-paraelectric phase transition, so T  becomes large. When the temperature is above and far from C T , due to the presence of only paraelectric phase, a small entropy change with rising temperature decreases T  sharply. This is why a large EC effect and the peak of T  occur near C T , as shown in Fig. 5 . Furthermore, the entropy change curves reveal the characteristics of the dipole reorientation by the kinks in the E S  curves. The maxima observed in the E S  curve are associated to a dipole reorientation that occurs continuously. Therefore, the behavior of E S  suggests how to extend the range of temperatures for use in the EC effect.
In Fig. 5 , the largest change T  is 0.37 K in 3 kV/cm electric field shift; that is, the cooling T In addition, the electrical properties of ferroelectric single crystals are dependent on many condition parameters, such as composition, preferential orientation, and so on [28] .
Finally, in this phenomenological model, it can calculate the electrocaloric properties of PMN single crystal with limited processing time. Moreover, the model does not add any auxiliary computational efforts to the numerical simulation.
Conclusions
It is investigated that the ferroelectric-paraelectric transition of (111) PMN single crystal under low applied electric fields, and found that the large EC effect induced by the ferroelectric-paraelectric phase transition at low electric field. The calculations show that the cooling T  per unit field of (111) PMN single crystal in 3 kV/cm electric field shift near the Curie temperature of 221 K is larger than that of PbZr 0.95 Ti 0.05 O 3 thin film under larger electric field shift E  = 30 kV/cm. Thus, the EC effect of (111) PMN single crystal provides cooling solutions at low temperatures. Moreover, the pyroelectric effect could be used for example to recover useful electrical power from waste heat.
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